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HIGHLIGHTS 


►  Nanostructured  Ir02:F  thin  films  have  been  wet  chemically  synthesized. 

►  Thin  film  of  Ir02:F  (F=20  wt.%)  exhibit  19%  higher  catalytic  activity  than  Ir02. 

►  All  F  doped  Ir02  thin  films  show  higher  catalytic  activity  than  pure  undoped  Ir02. 

►  All  F  doped  Ir02  thin  films  exhibit  comparable  durability  compared  to  pure  Ir02. 

►  Thin  films  of  Ir02:F  are  promising  anode  electrocatalysts  for  water  electrolysis. 
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Nanostructured  fluorine  doped  Ir02  thin  film  (Ir02:F)  comprising  different  F  contents  (5, 10, 15,  20  and 
30  wt.%)  has  been  synthesized  by  thermal  decomposition  of  a  homogeneous  mixture  of  IrCU  and  NH4F 
ethanol-DI  water  solution  coated  onto  pretreated  Ti  foil.  The  Ir02:F  thin  film  on  Ti  foil  has  been  studied  as 
a  promising  oxygen  evolution  anode  electrocatalyst  for  proton  exchange  membrane  (PEM)  based  water 
electrolysis.  Studies  reveal  that  F-doped  Ir02  with  different  F  content  displays  remarkably  higher 
electrochemical  activity  and  comparable  electrochemical  durability  in  contrast  to  pure  undoped  Ir02 
electrocatalyst.  Specifically,  thin  film  Ir02:F  with  20  wt.%  F  shows  ~  19%  higher  electrocatalytic  activity  and 
comparable  durability  compared  to  pure  Ir02  clearly  suggesting  that  F-doped  Ir02  is  a  better  anode  and 
a  more  efficient  electrocatalyst  for  the  oxygen  evolution  reaction  (OER)  in  PEM  based  water  electrolysis. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Hydrogen  has  been  considered  as  an  attractive  alternative  for 
fossil  fuels  over  the  past  decade,  and  holds  the  potential  to  be  the 
most  lightweight  fuel  to  provide  clean,  reliable,  and  affordable 
energy  supply  to  meet  the  growing  global  energy  demand  [1,2]. 
One  of  the  major  limitation  has  been  the  ability  to  generate 
hydrogen  in  a  simple,  cost  effective  and  efficient  manner.  One  of  the 
promising  approaches  to  produce  hydrogen  is  by  electricity 
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induced  splitting  of  water  using  alkaline,  neutral  or  proton 
exchange  membrane  (PEM)  based  water  electrolysis  [1—5].  Elec¬ 
trolysis  unfortunately  however,  at  present  is  not  as  efficient  as  the 
direct  chemical  path  but  nevertheless  is  attractive  since  it  offers 
virtually  no  pollution  or  toxic  byproducts  particularly,  if  the  electric 
current  is  generated  using  renewable  energy  (wind,  solar, 
geothermal  and  hydropower)  sources  [1—6].  Unfortunately,  high 
capital  costs  of  current  electrolyzer  technologies  are  a  barrier  to 
attaining  the  targeted  hydrogen  production  costs  comparable  to 
conventional  liquid  fuels.  The  high  capital  costs  are  caused  due  to 
the  use  of  expensive  noble  metal  based  electrocatalysts  (e.g.  IrC^, 
RUO2,  Pt),  relatively  small  systems,  moderately  low  efficiencies, 
customized  power  electronics,  and  last  but  not  the  least,  labor 
intensive  fabrication  [1—6].  PEM  based  water  electrolysis  which  has 
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several  advantages  over  the  alkaline  and  neutral  water  electrolysis 
employs  rutile  type  expensive  noble  metal  oxides,  Ir02  and  Ru02  as 
promising  oxygen  evolution  anode  electrocatalysts  [7-11  ].  For  PEM 
electrolysis  cells  a  decrease  in  the  precious  metal  Ir02  or  Ru02 
catalyst  loading  to  ultra-low  levels  by  the  development  and 
processing  of  improved  electrochemically  active  and  durable 
electrocatalysts  would  significantly  decrease  the  overall  capital 
costs.  It  has  been  reported  [7-13]  that  mixed  oxides  obtained  by  the 
addition  of  cheaper  oxides  such  as  Sn02,  Ta2Os,  Nb2Os,  Ti02  to  active 
electrocatalyst  Ir02  and/or  Ru02  (e.g.  Ir02-Sn02,  Ru02-Sn02,  Ir02- 
Ta205,  Ir02-Sn02-Nb205  etc.)  would  reduce  the  cost  of  the  noble 
metal  loading  while  maintaining  the  catalytic  activity  and  elec¬ 
tronic  conductivity  similar  to  the  pure  noble  metal  oxide.  However, 
a  decrease  in  the  active  surface  area  and  electrical  conductivity  of 
the  mixed  oxide  in  the  presence  of  the  inactive  diluents  has  been 
reported  [7-13],  and  as  a  result  no  improvement  in  the  catalytic 
activity  has  been  noticed  with  the  addition  of  the  cheaper  diluents. 
To  the  best  of  our  knowledge  there  have  been  no  technical  reports 
yet  published  to  date  documenting  the  improvements  in  electro¬ 
chemical  activity  of  Ir02  or  Ru02  achieved  by  alloying  with 
a  second  element. 

In  this  direction,  the  present  work  is  carried  out  to  identify 
a  novel  dopant/alloying  element  for  the  noble  metal  oxide  elec¬ 
trocatalyst  (e.g.  Ir02  or  Ru02)  in  order  to  improve  the  catalytic 
activity  compared  to  pure  noble  metal  oxide  electrocatalyst 
without  compromising  the  corrosion  stability  of  the  electrocatalyst. 
Accordingly,  in  this  article,  F-doped  Ir02  thin  film,  denoted  as 
Ir02:F,  with  5,  10,  15,  20  and  30  wt.%  F  has  been  studied  as 
a  promising  oxygen  evolution  anode  electrocatalyst  exhibiting 
significant  improvement  in  catalytic  activity  compared  to  pure  Ir02. 

2.  Experimental  details 

2.1.  Preparation  of  the  electrodes 

Iridium  tetrachloride  [IrCl4,  99.5%,  Alfa  Aesar]  and  ammonium 
fluoride  [NH4F,  Alfa  Aesar]  were  used  as  the  sources  for  Ir  oxide  and  F, 
respectively.  Stock  solutions  corresponding  to  IrCl4  of  desired 
compositions  were  dissolved  in  absolute  ethanol  inside  an  atmo¬ 
sphere  controlled  glove  box  (MBraun  Unilab  Work  station)  to 
prevent  any  undesired  side  reaction.  On  the  other  hand,  NH4F  was 
dissolved  in  ethanol-deionised  (DI)  water  mixture  (5:1  volume 
ratio).  The  stock  solutions  IrCl4  and  NH4F  of  desired  compositions 
(NH4F/IrCl4:  0.04, 0.085, 0.14, 0.19  and  0.33)  are  then  mixed  together 
to  synthesize  F-doped  Ir02  electrocatalyst  with  5,  10,  15,  20  and 
30  wt.%  F,  respectively.  The  resulting  solution  was  then  spin  coated 
on  pretreated  titanium  substrates  of  ~  1  cm2  area  (Specialty  coating 
Systems  Inc,  Model  P6712)  with  rotating  speed  of  500  rpm  for  lOsec. 
Prior  to  coating,  the  Ti  substrate  was  sand  blasted  and  then  etched  in 
boiling  HC1  (30%)  for  30  min  in  order  to  ensure  maximum  adhesion  of 
the  coating.  The  HC1  treated  Ti  foil  was  then  washed  with  purified 
water  generated  by  the  Milli-Q  system  (18  MO  cm  deionized  water, 
Milli-Q  Academic,  Millipore)  and  dried  at  130  °C  before  coating.  The 
thin  film  precursors  deposited  on  the  pretreated  titanium  substrate 
were  dried  at  60  °C  for  2  h.  Following  this  treatment,  they  were 
thermally  treated  at  673  I<  for  4  h  in  air  to  decompose  the  precursors 
and,  as  a  result  Ir02:F  film  of  different  compositions  are  generated  on 
the  Ti  foils.  The  loading  of  the  active  Ir02:F  deposited  on  the  Ti  foil  is 
~  0.3  mg  cm-2  irrespective  of  the  different  compositions  studied. 

2.2.  Materials  characterization 
2.2.1.  X-ray  diffraction  analysis 

In  order  to  perform  qualitative  phase  analysis,  the  Ir02:F  thin 
film  electrode  of  different  compositions  coated  on  the  Ti  foil  were 


characterized  by  X-ray  diffraction  (XRD)  using  Philips  XPERT  PRO 
system  employing  CuKa  (A  =  0.15406  nm)  radiation  with  operating 
voltage  and  current  at  45  kV  and  40  mA,  respectively.  The  XRD  peak 
profile  of  Ir02:F  film  of  different  compositions  was  analyzed  using 
the  Pseudo-Voigt  function  to  determine  the  Lorentzian  and 
Gaussian  contribution  of  the  peaks  [14,15].  The  integral  breadth  of 
the  Lorentzian  contribution,  determined  from  peak  profile  analysis 
using  single  line  approximation  method  after  eliminating  the 
instrumental  broadening  and  lattice  strain  contribution,  is  imple¬ 
mented  in  the  Scherrer  formula  to  calculate  the  effective  crystallite 
size  of  the  Ir02:F  electrode  of  different  compositions  [14,15].  The 
lattice  parameter  and  molar  volume  of  Ir02:F  of  different  compo¬ 
sitions  has  been  calculated  using  the  least  square  refinement 
techniques. 

2.2.2.  Microstructure  analysis 

To  investigate  the  microstructure  of  the  thin  film  electrodes, 
scanning  electron  microscopy  (SEM)  was  conducted.  Quantitative 
elemental  analysis  and  distribution  of  elements  (X-ray  mapping) 
was  investigated  using  the  energy  dispersive  X-ray  spectroscopy 
(EDX)  analyzer  integrated  into  the  SEM  machine.  Philips  XL-30FEG 
equipped  with  an  EDX  detector  system  comprised  of  an  ultrathin 
beryllium  window  and  Si(Li)  detector  operating  at  20  kV  was 
employed  for  the  secondary  electron  (SE)  image,  elemental  and 
X-ray  mapping  analyses. 

2.2.3.  Electrochemical  tests 

The  electrochemical  activity  of  pure  Ir02  and  Ir02:F  of  different 
compositions,  used  as  an  oxygen  evolution  reaction  (OER)  anode 
electrocatalyst  for  PEM  based  water  electrolysis,  was  conducted  in 
an  electrochemical  workstation  (VersaSTAT  3,  Princeton  Applied 
Research)  using  a  three  electrode  cell  configuration.  A  solution 
containing  1  N  sulfuric  acid  (H2S04)  was  used  as  the  electrolyte 
while  also  serving  as  the  source  of  the  fuel.  The  H2S04  solution  is 
kept  at  a  constant  temperature  of  40  °C  using  a  Fisher  Scientific  910 
Isotemp  Refrigerator  Circulator.  Thin  films  of  Ir02  and  Ir02:F  of 
different  F  content  coated  on  Ti  foil  were  used  as  the  working 
electrode  with  an  exposed  surface  area  ~  1  cm2  and  a  total  loading 
of  ~0.3  mg  cm-2  for  each  system.  The  polarization  curve  was 
recorded  at  a  scanning  rate  of  ~  1  mV  s-1  using  platinum  as  the 
counter  electrode  and  Hg/Hg2S04  as  the  reference  electrode  that 
has  a  potential  of+0.65  V  with  respect  to  the  Normal  hydrogen 
electrode  (NHE).  In  order  to  study  the  accelerated  life  stability  of 
the  Ir02:F  anode  electrode  for  PEM  based  water  electrolysis,  chro- 
noamperometry  (CA)  (current  vs.  time)  of  selected  samples  has 
been  performed  for  24  h  using  1  N  H2S04  as  the  electrolyte 
employing  the  same  three  electrode  cell  configuration  at  a  constant 
voltage  of  ~  1.65  V  with  respect  to  NHE.  Elemental  analysis  of  the 
electrolyte  (H2S04),  collected  after  24  h  of  CA  testing,  was  per¬ 
formed  by  inductively  coupled  plasma  optical  emission  spectros¬ 
copy  (ICP-OES,  iCAP  6500  duo  Thermo  Fisher)  in  order  to  determine 
the  amount  of  iridium  leached  out  in  the  solution  from  the  elec¬ 
trode  and  assess  the  chemical  stability  and  durability  of  the 
electrocatalyst. 

3.  Results 

Fig.  1  shows  the  XRD  patterns  of  the  thin  film  Ir02:F  with  10,  20 
and  30  wt.%  F  synthesized  by  thermal  decomposition  of  homo¬ 
geneous  mixture  of  IrCl4  and  NH4F  ethanol-DI  water  solution 
coated  on  Ti  foil  at  673  K  for  4  h.  The  XRD  patterns  of  Ir02:F  of 
different  compositions,  shown  in  Fig.  1,  indicate  a  rutile  type 
tetragonal  structure  similar  to  pure  Ir02  [10]  which  suggest  the 
formation  of  complete  solid  solution  of  Ir02  and  F  without  any 
undesirable  phase  formation  (e.g.  IrF3).  The  lattice  parameter 
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Fig.  1.  XRD  patterns  of  thin  film  Ir02:F  with  10,  20  and  30  wt.%  F  coated  on  Ti  foil. 


(a  -  0.4547  nm,  c  ~  0.3136  nm)  and  molar  volume  of  Ir02:F 
(~  19.53  ±  0.04  cm3  mol-1)  of  different  compositions,  calculated 
using  least  square  refinement  techniques,  is  comparable  with  pure 
Ir02  (~  19.64  ±  0.04  cm3  mol-1)  [10]  which  suggest  that  F- 
substitution  for  O-2  has  no  significant  effect  on  the  molar  volume 
ofIr02:F.  This  may  be  largely  due  to  the  fact  that  the  ionic  radius  of 
O-2  (125  pm)  is  comparable  with  F-1  (120  pm).  The  effective 
crystallite  size  of  Ir02:F,  calculated  using  the  Scherrer  formula 
from  the  integral  breadth  of  the  Lorentzian  contribution  deter¬ 
mined  from  peak  profile  analysis  using  single  line  approximation 
method  after  eliminating  the  instrumental  broadening  and  lattice 
strain  contribution  [14,15],  is  in  the  range  of  ~4-6  nm  irrespective 
of  compositions  indicating  the  nanocrystalline  nature  of  the 
catalyst.  The  presence  of  elemental  Ir  and  O  in  the  Ir02:F  film  of 
different  compositions  has  also  been  confirmed  using  energy 
dispersive  X-ray  spectroscopy  analysis  (EDX)  attached  to  the  SEM. 
Flowever,  the  presence  of  F  could  not  be  detected  in  the  EDX 
analysis.  Suitable  spectroscopic  techniques,  such  as  wavelength 
dispersive  X-ray  florescence  and  Rutherford  backscattering,  needs 
to  be  used  for  accurate  determination  of  F  in  the  F-doped  Ir02  [16].  It 
must  also  be  mentioned  here  however  that  the  real  F  content  in 
Ir02:F  thin  film  will  be  different  than  the  staring  composition  due  to 
the  expected  loss  of  F  (high  volatility)  during  thermal  decomposi¬ 
tion  of  the  starting  precursors  at  673  K  [16].  The  SEM  image  along 
with  EDX  of  the  Ir02:F  film  with  10  wt.%  F,  shown  in  Fig.  2a  and  b, 
respectively,  indicates  the  presence  of  Ir  and  O,  and  the  character¬ 
istic  sintered  “mud  crack”  type  morphology  of  Ir02:F  film  coated  on 
the  Ti  foil  typically  seen  for  chemically  derived  thin  films. 

The  electrochemical  activity  of  the  nanocrystalline  thin  film  of 
Ir02:F  of  different  F  compositions  has  been  studied  as  a  suitable 
oxygen  evolution  anode  electrocatalyst  for  PEM  based  water  elec¬ 
trolysis.  The  polarization  curve  of  pure  Ir02  and  Ir02:F  film  of 
different  F  compositions,  conducted  in  the  presence  of  1  N  H2S04 
solution  at  40  °C  with  a  scan  rate  of  1  mV  s-1,  shown  in  Fig.  3, 
clearly  indicates  that  the  oxygen  evolution  reaction  (water  split¬ 
ting)  occurs  at  a  potential  of  - 1.4  V  vs.  NHE  irrespective  of  the 
varying  F  compositions.  The  polarization  curve  of  Ir02:F  of  different 
F  compositions,  plotted  in  Fig.  3,  shows  that  the  electrochemical 
activity  of  Ir02:F  increases  with  increasing  F  content  up  to 
~  20  wt.%  F.  It  must  be  mentioned  here  that  the  present  results  do 
not  exclude  the  ohmic  loss  (iR  loss)  in  the  polarization  curve  which 
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Fig.  2.  The  SEM  micrograph  (a)  along  with  EDAX  (b)  of  Ir02:F  film  with  10  wt.%  F. 


Fig.  3.  The  polarization  curve  of  pure  Ir02  and  fluorine  doped  Ir02:F  film  of  different  F 
compositions  conducted  in  the  presence  of  1  N  H2S04  solution  at  40  °C  with  a  scan  rate 
of  1  mV  s-1.  The  inset  shows  the  variation  of  current  density  at  ~  1.65  V  (vs.  NHE)  with 
F  content  of  the  doped  Ir02:F  anode  electrocatalyst. 
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is  known  to  arise  mainly  due  to  the  solution  resistance.  In  the 
present  study,  the  solution  resistance  irrespective  of  the  electrode 
composition  has  been  determined  from  electrochemical  imped¬ 
ance  spectroscopy  to  be  approximately,  ~16  Q.  The  current  density 
at  ~  1.65  V  of  Ir02iF  for  different  F  compositions  with  a  total  loading 
~0.3  mg  cm-2,  plotted  and  shown  in  the  inset  in  Fig.  3,  indicates 
that  the  current  density  of  IrC^iF  increases  up  to  20  wt.%  F  beyond 
which  there  is  a  decrease  in  the  current  density  suggesting 
a  reduction  in  the  electrochemical  activity.  The  Ir02:F  with  20  wt.% 
F  shows  a  current  density  of  -  0.0116  ±  0.0001  A  cm-2  which  is 
~  19%  higher  to  that  of  pure  Ir02  ( ~  0.0094  A  cm-2)  at  ~  1.65  V.  On 
the  other  hand,  it  has  been  noticed  that  the  current  density 
decreases  with  increase  in  F  content  above  20  wt.%  F.  The  possible 
reasons  contributing  to  the  improvement  in  electrochemical 
activity  of  F-doped  Ir02  compared  to  pure  Ir02  and  the  optimum 
value  of  fluorine  determined  to  be  20  wt.%  F  can  be  understood 
from  a  series  of  ab-initio  calculations  results  of  which  will  be 
published  very  shortly  by  the  present  authors  (ref.  [17]).  These 
calculations  involve  considerations  of  the  chemical  species,  the 
basic  intermediate  chemical  reaction  steps,  and  the  rate  deter¬ 
mining  step  involved  in  the  electrolytic  water  splitting  process. 
A  summary  of  the  detailed  analysis  of  the  electronic  structure  of  the 
F-doped  Ir02  shows  that  the  p,d-hybridization  between  Ir5d-  and 
F2p-states  is  the  primary  reason  contributing  to  a  decrease  in 
energy  of  the  rate  determining  step  of  the  electrolysis  reactions, 
hence  resulting  in  a  substantial  improvement  in  the  electro¬ 
chemical  activity  showing  a  maximum  at  20  wt.%  F.  The  above 
results  clearly  suggest  that  Ir02:F  of  different  F  content  exhibits 
higher  electrochemical  activity  compared  to  pure  Ir02,  and  is 
a  promising  candidate  oxygen  evolution  anode  electrocatalyst  for 
PEM  based  water  electrolysis. 

In  order  to  study  the  corrosion  and  structural  stability  of  the 
anode  electrocatalyst  Ir02:F  in  1  N  FI2SO4,  chronoamperometry 
(CA)  test  is  conducted  for  24  h  at  40  °C  at  a  constant  voltage  of 
1.65  V.  The  CA  curves,  obtained  at  a  constant  voltage  of  ~1.65  V, 
ofIr02:F  with  5, 10  and  20  wt.%  F  along  with  pure  Ir02,  are  shown 
in  Fig.  4.  The  Ir02iF  electrodes  categorically  show  higher  initial 
current  with  increase  in  F  content  due  to  their  higher  oxygen 
evolution  activity  as  demonstrated  in  the  polarization  curves  (see 
Fig.  3).  The  CA  curve  shows  a  marked  decay  of  current  (10%  of  the 
initial  value)  for  all  electrodes  in  the  initial  1  h  which  may  arise 
either  due  to  significant  dissolution  of  the  irregular  coatings 


Fig.  4.  Variation  of  current  vs.  time  in  the  accelerated  life  test  of  pure  Ir02  and  Ir02:F 
with  5, 10,  20  wt.%  F  performed  in  a  1  N  H2S04  solution  under  ~1.65  V  at  40  °C. 


located  at  the  edge  of  the  mud  cracks  [18]  or  diffusion  controlled 
reaction.  A  steady  decay  of  current  (13%  after  24  h  in  comparison 
with  the  1  h  value)  has  been  noticed  after  1  h  of  initial  period  for 
Ir02:F  and  pure  Ir02  which  suggests  that  Ir02:F  (up  to  20  wt.%  F) 
has  similar  structural  stability  compared  to  pure  IrC^.  However, 
the  ICP  results,  conducted  in  the  H2S04  electrolyte  solution 
collected  after  24  h  of  CA  measurement,  show  no  presence  of  Ir 
up  to  20  wt.%  F  doping  which  suggest  the  steady  decay  of  current 
of  Ir02:F  during  CA  measurement  (Fig.  4)  may  arise  due  to  loss  of 
fuel  rather  than  the  dissolution  of  the  IrC^  electrocatalyst.  In  the 
present  experimental  condition,  it  has  been  noticed  that  ~9  ml 
fuel  has  been  lost  after  24  h  of  CA  measurement  for  20  wt.%  F 
doped  Ir02  due  to  the  high  OER  activity.  The  present  study 
therefore  successfully  identifies  Ir02:F  as  a  promising  anode 
electrocatalyst  with  the  ability  to  significantly  improve  the  elec- 
trocatalytic  performance  and  electrochemical  stability.  The  IrC^iF 
anode  electrocatalysts  can  therefore  be  expected  to  exhibit 
significant  reduction  in  capital  cost  of  PEM  based  water  electro¬ 
lyzers  due  to  the  significant  improvement  in  the  electrochemical 
activity  and  stability  as  outlined  by  the  present  studies. 

4.  Conclusion 

Nanostructured  F-doped  Ir02  of  different  F  content  (5-30  wt.% 
F)  coated  as  a  thin  film  on  pretreated  Ti  foil  has  been  studied  as 
a  promising  oxygen  evolution  anode  electrocatalyst  for  PEM  based 
water  electrolysis.  A  homogeneous  mixture  of  IrCl4  and  NH4F 
ethanol-DI  water  solution  in  a  wide  range  of  compositions  was 
coated  on  pretreated  Ti  foil  and  heat  treated  at  673  I<  for  4  h  to 
synthesize  F-doped  Ir02  electrocatalyst  with  5,  10,  15,  20  and 
30  wt.%  F.  The  molar  volume  of  Ir02:F  of  different  compositions, 
calculated  from  least  square  refinement  techniques,  is  comparable 
with  pure  Ir02  which  suggest  that  F^  doping  in  place  of  CT2  has  no 
significant  effect  on  the  molar  volume  of  Ir02:F.  The  crystallite  size 
of  Ir02:F,  calculated  from  least  square  refinement  techniques,  is  in 
the  range  of  ~4-6  nm  irrespective  of  the  F  content.  The  electro¬ 
chemical  performance  of  Ir02:F  with  different  F  content  as 
a  promising  oxygen  evolution  electrocatalyst  has  been  carried  out 
in  the  presence  of  1  N  H2S04  as  a  fuel  at  40  °C.  The  electrochemical 
activity  measured  as  a  current  at  1.65  V  (vs.  NHE),  of  IrC^iF  shows 
that  the  catalytic  activity  increases  with  increase  in  F  content  up  to 
20  wt.%  F.  The  F-doped  IrCh  with  20  wt.%  F  shows  ~19%  higher 
catalytic  activity  and  comparable  durability  in  contrast  to  pure  Ir02. 
The  excellent  electrochemical  activity  exhibited  by  F-doped  Ir02 
along  with  the  proven  long  term  structural  stability  makes  it  an 
ideal  candidate  as  anode  electrocatalysts  for  oxygen  evolution  in 
PEM  based  water  electrolysis. 
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